Sex determination is a unique process that allows the study of multipotent progenitors 20 and their acquisition of sex-specific fates during differentiation of the gonad into a testis 21 or an ovary. Using time-series single-cell RNA sequencing (scRNA-seq) on ovarian 22 Nr5a1-GFP + somatic cells during sex determination, we identified a single population of 23 early progenitors giving rise to both pre-granulosa cells and potential steroidogenic 24 precursor cells. By comparing time-series scRNA-seq of XX and XY somatic cells, we 25 demonstrate that the supporting cells emerge from the early progenitors with a non-sex-26 specific transcriptomic program, before pre-granulosa and Sertoli cells acquire their sex-27 specific identity. In XX and XY steroidogenic precursors similar transcriptomic profiles 28 underlie the acquisition of cell fate, but with a delay in XX cells. Our data provide a novel 29 framework, at single-cell resolution, for further interrogation of the molecular and 30 cellular basis of mammalian sex determination. 31 
Introduction 37 Testes and ovaries have the same developmental origin: the gonadal primordia. These 38 start developing around embryonic day (E)9.5 in mice through the thickening and 39 proliferating coelomic epithelium on the ventromedial surface of the mesonephroi 40 (Byskov, 1986) . Before sex determination, the gonadal primordia, also called bipotential 41 gonads, are composed of multipotent somatic progenitor cells that are competent to adopt 42 one or the other sex-specific cell fate, and of migrating primordial germ cells. Sex 43 determination is initiated in the supporting cell lineage around E11.5, leading to their 44 differentiation as Sertoli cells in XY gonads following the expression of Sry (Albrecht 45 and Eicher, 2001; Sekido et al., 2004) or as pre-granulosa cells in XX with the 46 stabilisation of WNT/β-catenin signalling (Chassot et al., 2008 (Chassot et al., , 2012 . Following 47 supporting cell differentiation, this sex fate decision propagates to the germ cells and the 48 other somatic lineages, including the steroidogenic cells (Leydig cells in XY, and theca 49 cells in XX) that later drive the primary and the secondary sexual characteristics through 50 hormonal control. 51 While the origin of germ cells is well established (for review, see (De Felici, 2016) ), the 52 origins of somatic cell lineages of both the XX and XY gonads is not as well understood.
recruited (Mork et al., 2012) . 66 In respect of the steroidogenic cell lineage, the foetal Leydig cells arise from precursor 67 cells present in the interstitial compartment of the testis originating from N5RA1-68 expressing cells derived from the coelomic epithelium (Karl and Capel, 1998; Stévant et 69 al., 2018) and also from migrating mesonephric cells (DeFalco et al., 2011; Rotgers et al., 70 2018). However, the origin of theca cells, the female counterpart to Leydig cells, is still 71 unclear. Theca cells arise in the mouse ovary during the first ten postnatal days by the 72 recruitment of uncharacterised precursor cells through Hedgehog signals secreted by the 73 granulosa cells while follicles enter their secondary stage (Liu et al., 2015; Young and 74 McNeilly, 2010). One suspected source of theca cell precursors resides in a stromal cell 75 population present in the foetal ovary that expresses MAF (or c-MAF) and MAFB 76 (DeFalco et al., 2011; Jameson et al., 2012) , and NR2F2 (also known as COUP-TFII) 77 (Rastetter et al., 2014; Takamoto et al., 2005) . Moreover, a recent lineage tracing study 78 showed that steroidogenic theca cells mainly derive from cells expressing WT1 at E10.5, 79 and to a lesser extent from mesonephric cells expressing GLI1 at E12.5 (Liu et al., 2015) . Beyond the origin of the supporting and the steroidogenic cell lineages in both male and 81 female gonads, our knowledge of the mechanisms of the specification of the cell lineages 82 into their respective sex-specific fate remains incomplete. 83 In order to improve our understanding of somatic cell lineage specification and sex-84 specific cell differentiation during the process of sex determination, we performed time-85 series single-cell RNA sequencing (scRNA-seq) of Nr5a1-GFP somatic cells composing 86 the developing XX gonad from E10.5 to as late as P6, and we reconstructed the cell 87 lineage specification through time, as previously described with the fetal testis (Stévant et   88 al., 2018). By combining the expression data from both XX and XY time-series scRNA-89 Seq, we compared the transcriptomic profiles of the supporting and the interstitial/stromal 90 Nr5a1-GFP somatic cells of the two sexes as they differentiate and demonstrated that the 91 supporting cells differentiate in two steps, while the interstitial/stromal cells display a 92 very similar specification toward a steroidogenic fate. 95 To characterise and reconstruct the somatic cell lineages of the developing XX gonad as 96 ovary development proceeds, we purified the somatic cells at six different developmental 97 stages of gonadal differentiation (E10.5, E11.5, E12.5, E13.5, E16.5 and P6) using the 98 Tg(Nr5a1-GFP) transgenic mouse ( Figure 1A ) (Stallings et al., 2002) . Nr5a1 is 99 expressed specifically in gonadal somatic cells giving rise to the supporting and the 100 steroidogenic lineages, in both male (XY) and female (XX) gonads, and in a time 101 window large enough to cover the bipotential state prior to sex determination and the 102 6 whole of gonadal development (Nef et al., 2005; Stévant et al., 2018) . Thus, the 103 Tg(Nr5a1-GFP) transgenic mouse constitutes a powerful tool for isolating gonadal 104 somatic cells and studying their differentiation (Figures 1B-C and Figure S1 ). Briefly, at 105 each relevant embryonic stage, gonads from Tg(Nr5a1-GFP) animals were dissociated 106 and the Nr5a1-GFP + cells were sorted by fluorescent active cell sorting (FACS) (Figure 107 S1). GFP + cells were isolated and processed with the Fluidigm C1 Autoprep system and 108 sequenced (full-length RNA-seq, 100bp paired-end reads, 10M reads per cell) ( Figure   109 1D). A total of 563 cells remained after filtering based on various quality control metrics 110 (see Methods). 111 We classified the different somatic cell populations present in the developing ovary using 112 the same method we developed for the analysis of testis development, i.e. we selected the Leydig cell progenitors, Tcf21 and Pdgfra (Brennan et al., 2003; Cui et al., 2004; Stévant 125 et al., 2018) (Figure 1H) . 126 In contrast, cells from clusters C3 and C4 co-express the supporting cell marker Amhr2 127 (Baarends et al., 1995 ), Foxl2 (Mork et al., 2012 Schmidt et al., 2004; Uda et al., 2004) , 128 and Fst (Bouma et al., 2007) , and represent granulosa cells at different stages of their 129 differentiation (Figures 1G &H) . Cluster C3 contains foetal cells from E11.5 to E16.5 130 and some P6-expressing genes related to pre-granulosa cells, such as Lgr5 (Figure 1H The reconstruction of the Nr5a1-GFP + cell lineages in the developing XX gonad allowed 150 us to identify transition states leading to the differentiation of the granulosa cells and the 151 stromal cells from a common progenitor cell population (Figures 2A-B, Methods) . We 152 observe that the early progenitor cells give rise subsequently to the granulosa cell lineage 153 and the stromal progenitor cell lineage around E11.5-E12.5. (Figure 2D, Supplementary Data 4) . The heatmap 167 revealed that granulosa cells diverge from the early progenitor cells with a strong 168 differentiation program compared to the stromal progenitor cells, which exhibit many 169 fewer dynamic genes. with the present data from 563 XX Nr5a1-GFP + cells, we undertook to investigate the 228 transcriptomic programs of sex determination and characterize the sex-specific 229 differences in each cell lineage. 230 We merged the two datasets and applied the same clustering method as previously, and 231 we obtained five major cell clusters (clusters D1 to D5) (Figures 3A-C, Methods) . The 232 early progenitor populations from XX and XY gonads cluster together (cluster D1), as 233 well as the XX stromal and the XY interstitial progenitors (Cluster D2), even though we 234 observe a tendency to segregate by sex in the t-SNE representation (Figures 3C) . This 235 suggests that the progenitor cell lineages of both XX and XY gonads do not display 236 sufficient sexual dimorphism to permit segregation and be considered as different cell 237 types, even late in development. Interestingly, the cluster D3 contains pre-granulosa cells 238 12 from E11.5 to P6 but also E11.5 pre-Sertoli cells. The clusters D4 and D5 contain 239 granulosa cells at P6, and Sertoli cells from E12.5 to E16.5, respectively. This suggests 240 that the supporting cells emerge from the progenitors with a similar transcriptomic 241 program, and that Sertoli cells differentiate with more pronounced and dynamic 242 transcriptomic changes when compared to pre-granulosa cells, which complete their 243 differentiation after birth. 244 The diffusion map and the lineage reconstruction (Figures 3D-F between pre-Sertoli and Sertoli cells from E12.5 in XY, and to pre-granulosa cells from 261 E13.5 in XX (Figure 4A & B) . 262 We then compared the expression dynamics of Sertoli and granulosa cell differentiation 263 by classifying genes according to expression profiles in both sexes (k-means, k=25) 264 (Supplementary data 5) , and we represented on a double heatmap the averaged z-scores 265 of each of the expression profile clusters (F1-F25) (Figure 4B ). We see that the genes (Figure 4C and Supplementary data 5) . These data suggest that 277 pre-granulosa cells remain in a progenitor-cell-like state during foetal life and complete 278 their differentiation after birth. 279 With this analysis, we also observed a considerable number of genes that share the same 280 expression behaviour during differentiation of Sertoli and granulosa cells (gene profiles 281 F12 to F16, 931 genes, Figure 4A) , and also genes that become sexually dimorphic (gene 282 14 profiles F17 to F24, 1071 genes), from E12.5 in Sertoli cells, and from E13.5 in pre-283 granulosa cells. 284 These results suggest that supporting cells undergo commitment from the early 285 progenitor cells at around E11.5 with a common genetic program that is not strictly 286 related to sex determination, despite the expression of Sry. This is consistent with the fact 287 that XX supporting cell precursors are competent to express Sry, as shown by the 288 activation of an Sry-YFP transgene in XX gonads (Albrecht and Eicher, 2001; Harikae et 289 al., 2013; Koopman et al., 1991) . This precise moment constitutes the bipotential state of 290 the supporting cell lineage, after having diverged from the progenitor cell lineage. We 291 also noted that in XX gonads, the bipotential state of supporting cells lasts one day longer 292 than in XY gonads, reflecting the rapid effect of Sry on the activation of the Sertoli cell 293 differentiation program.
93

Results
94
XX somatic cells are classified in four transcriptionally distinct cell populations
294
Stromal and interstitial cells display modest sexual dimorphism but differ in timing 295 of expression 296 We repeated our analysis of the progenitor cell lineage to examine the emergence of 297 sexual dimorphism as the XY interstitial and the XX stromal cells progress during 298 gonadal development. We observe that the progenitor cells display modest sexual 299 dimorphism after the branch point 1, with 117 genes over-expressed in XY ( Figure 5A   300 and Supplementary data 6). When we examine the dynamics of gene expression in XX 301 and XY progenitors side by side (Figure 5B) , we see that the same genes are up-302 regulated in both sexes while cells progress from the early progenitor state to stromal and 303 interstitial cells, respectively, including markers of XY steroidogenic cells, Pdgfra, Arx 304 and Ptch1 (Figure 5C and Supplementary data 6) . However, we note that the timing of 305 15 gene expression is not the same, such as Ar and Acta2, which are expressed from E13.5 306 in XY interstitial cells and from P6 in XX stromal cells (Figure 5C) . We also found a 307 few genes that are exclusive to one or the other sex, such as Inhba (H19), which is 308 expressed in XY interstitial cells only, and Foxl2 (H23), which is expressed in P6 XX 309 stromal cells (Figure 5B, C and supplementary data 6) . 310 These results suggest that the progenitor cell lineage commits to the steroidogenic fate 311 earlier in the XY gonad, around E12.5, to allow these cells to differentiate as foetal 312 Leydig cells, whereas XX stromal cells commit to steroidogenic progenitor cells from 313 E16.5, to ultimately differentiate as theca cells after birth, when granulosa cells also 314 complete their differentiation.
315
Discussion
316
With this study, we aimed to analyse the transcriptomic programs at play during sex 317 determination in Nr5a1 + somatic cells of XX and XY mouse gonads. Subsequent to our 318 previously published analysis of the early testis development (Stévant et al., 2018) , we 319 sequenced and analysed the transcriptome of hundreds of individual XX Nr5a1-GFP + 320 gonadal somatic cells, from the bipotential gonads at E10.5, to post-natal ovaries at P6. 321 By combining these transcriptomic data from XX and XY cells, we were able to 322 reconstruct the sequence of transcriptomic events underlying the cell lineage specification show that the supporting and the interstitial/stromal cell lineages both derive from a 350 common Nr5a1 + early progenitor cell population, present at E10.5. We also demonstrate 351 that the commitment of the supporting cells from the early progenitor cells is an active 352 process and is disconnected from the initiation of sexual dimorphism, strictly speaking. 353 However, the transient bipotential state of supporting cell precursors reveals a temporal 354 asymmetry between XY and XX. In XY, this bipotential state corresponds to E11.5 pre- 355 Sertoli cells, while in XX, it corresponds to E11.5 to E16.5 pre-granulosa cells (Figure   356 6A). The supporting cell precursors acquire their respective sex-specific genes from 357 E12.5 onward in Sertoli cells, and from E13.5 onward in pre-granulosa cells. These 358 results are consistent with the competence windows of supporting cells of both sexes to 359 express Sry (Harikae et al., 2013) . However, while the Sertoli cells completely down-360 regulate the bipotential supporting cell precursor genes, we found that the pre-granulosa 361 cells maintain expression of stem cell-related genes until as late as E16.5, indicating that 362 pre-granulosa cells remain in an early stage of their differentiation, and continue their 363 differentiation from folliculogenesis onward (Figure 6A) . 364 Interstitial/stromal progenitor cells commit from early progenitors from around E12.5 in 365 XY and around E13.5 in XX (Figure 6B) . This temporal asymmetry is consistent with 366 observations made in the supporting cell lineage. Surprisingly, interstitial/stromal 367 progenitors do not display strong sexual dimorphism even late in embryonic 368 development. Both XY and XX progenitor cells acquire a steroidogenic precursor fate by 369 progressively expressing Pdgfra, Arx or Ptch1. The specification of the steroidogenic cell 370 lineage is thus identical irrespective of the genetic sex of the individual, despite the 371 differentiation of Sertoli and pre-granulosa cells. We hypothesize that supporting cells of 372 both sexes control the specification of steroidogenic precursor cells in the same way, as 373 18 they control the differentiation of theca and Leydig cells via the Hedgehog signaling 374 pathway (Liu et al., 2015; Yao et al., 2002) . 375 Our data provide a novel framework for further studies on the molecular and cellular 376 programs of testis and ovary development. They also raise multiple questions, including 377 the identity of the signals or factors that control the specification toward either the 378 supporting or steroidogenic fate. Several parameters may influence this choice. First, it is 379 possible that the fate of individual Nr5a1 + multipotent progenitors is affected by the local 380 environment and interaction with neighboring cells. Second, it remains plausible that the 381 multipotent progenitor population described here as a single population is in fact already 382 heterogenous at the epigenetic level and composed of slightly different subpopulations. 383 The epigenetic status and chromatin accessibility of these progenitor cells have not yet (Stallings, 2002) . We performed the experiments in independent duplicates for each 400 embryonic and postnatal stages. At each relevant gestation days, Tg(Nr5a1-GFP) gonads 401 were collected and dissociated. Several animals from different litters were pooled 402 together to obtain enough material for the experiment (Table S1 ). GFP + cells were sorted 403 by fluorescent-active cell sorting (Figure S1, Supplementary experimental   404 procedures).
405
Single-cell capture, cDNA libraries and sequencing 406 Cells were captured and processed using the C1 Autoprep System (96 well, small size 407 chip), following the official C1 protocol. Sequencing libraries were prepared using the 408 Illumina Nextera XT DNA Sample Preparation kit using the modified protocol described 409 in the C1 documentation. Cells were sequenced at an average of 10 million reads (100bp 410 paired-end reads) (Supplementary experimental procedures) . 
